Helicobacter pylori is the only neutralophile that has been able to colonize the human stomach by using a variety of acid-adaptive mechanisms. One of the adaptive mechanisms is increased buffering due to expression of an acid-activated inner membrane urea channel, UreI, and a neutral pH-optimum intrabacterial urease. To delineate other possible adaptive mechanisms, changes in gene expression in response to acid exposure were examined using genomic microarrays of H. pylori exposed to different levels of external pH (7.4, 6.2, 5.5, and 4.5) for 30 min in the absence and presence of 5 mM urea. Gene expression was correlated with intrabacterial pH measured using 2,7-bis-(2-carboxyethyl)-5-carboxyfluorescein and compared to that observed with exposure to 42°C for 30 min. Microarrays containing the 1,534 open reading frames of H. pylori strain 26695 were hybridized with cDNAs from control (pH 7.4; labeled with Cy3) and acidic (labeled with Cy5) conditions. The intrabacterial pH was 8.1 at pH 7.4, fell to 5.3 at pH 4.5, and rose to 6.2 with urea. About 200 genes were up-regulated and ϳ100 genes were down-regulated at pH 4.5 in the absence of urea, and about half that number changed in the presence of urea. These genes included pH-homeostatic, transcriptional regulatory, motility, cell envelope, and pathogenicity genes. The up-regulation of some pH-homeostatic genes was confirmed by real-time PCR. There was little overlap with the genes induced by temperature stress. These results suggest that H. pylori has evolved multifaceted acid-adaptive mechanisms enabling it to colonize the stomach that may be novel targets for eliminating infection.
Helicobacter pylori is a motile neutralophile that is uniquely adapted to colonizing the often highly acidic environment of the human stomach (8, 49) . No other neutralophile has adapted to grow in the normal stomach, although many can transit the stomach. Although the exact pH at the surface of the gastric epithelium, the niche occupied by the organism, is not known, experiments with ureI deletion mutants in animal models show that the pH must often be lower than 4.0 (37, 55) . For growth under these conditions, specialized mechanisms likely have evolved.
Neutralophilic bacteria, such as Escherichia coli, have an acid tolerance response in log phase and an acid resistance response in stationary phase (9) . These responses allow these neutralophiles to survive extremes of pH but do not allow growth. In the case of H. pylori, changes of expression of some genes under acidic conditions could be unique in allowing growth and therefore may be considered acid-adaptive rather than acid tolerance or resistance genes. Aside from their microbiological interest, identification of these genes might allow the design of novel eradication strategies for this type I carcinogen (41, 53) .
The initial response of E. coli and other enteric neutralophiles to acute cytoplasmic acidification is activation of outward H ϩ pumps, in particular the F 1 F 0 ATPase (27) . However, survival with prolonged acid exposure requires alteration of gene expression. Several genes involved in acid tolerance or resistance have been described in E. coli. One set of products of such genes that has been studied extensively is the amino acid decarboxylases, particularly arginine and glutamate decarboxylases. These enzymes are membrane embedded, function best at an internal pH (pH in ) of ϳ5.0 (52), and are important in the buffering of intracellular H ϩ . Additional acid tolerance responses include induction of a protein that modifies the lipid composition of the inner membrane by making cyclopropane fatty acids (12) , thereby altering the proton permeability of the inner membrane either directly or by prevention of the insertion of proton-permeable inner membrane proteins. Acid conditioning of E. coli has been observed, since preexposure to acid improves acid survival upon exposure to a more extreme pH, implying gene regulation as an additional mechanism for acid survival (57) .
In the case of another enteric organism, Salmonella enterica serovar Typhimurium, although an external pH (pH out ) of 5.8 results in simple pH homeostasis, a lower pH induces an acid tolerance response by altering the expression of several regulatory genes, including the s factor encoded by rpoS, the iron regulatory factor fur, and the two-component signal transduction system phoPQ (21) .
Changes in the functions of these regulatory factors may result from stabilization against protease activity or phosphorylation, as well as increased translation. The bacteria can transit the acidity of the gastric lumen, but they cannot grow in the normal stomach, since their internal pH falls below the pH range of most of their enzyme systems, even with the acid tolerance or resistance response (21) .
A different acid resistance mechanism has been adopted by Yersinia enterocolitica. This microbe expresses a urease with a sharp pH optimum of 5.0 that is active only when the cytoplasmic pH falls to the value observed when the external pH falls below 3.0. The enhanced urease activity prevents the cytoplas-mic pH from falling below 5.0, but at that pH, protein synthesis is halted. Hence, this urease mechanism allows transit through, but not habitation of, the stomach (56) . Thus, although other neutralophiles are able to respond to acidity of the medium by expression of acid tolerance or resistance genes, only gastric Helicobacter spp. are likely to express or regulate expression of what might be termed acid-adaptive genes that may be involved in allowing this neutralophile to flourish in the gastric environment.
One such acid-adaptive gene of gastric Helicobacter spp. is ureI, included within the urease gene cluster (20) . There are seven genes in this cluster, ureA, -B, -I, -E, -F, -G, and -H. ureA and ureB encode the structural subunits of the neutral-pHoptimum urease and are generally constitutively expressed. The last four genes are involved in the assembly of nickel into the apoenzyme to generate active urease. Homologs of these genes are expressed by other ureolytic organisms (11, 36, 38, 40) . However, the third gene in the cluster, ureI, encodes an inner membrane pH-gated urea channel (42, 46, 54) . Its function is to increase the access of urea to intrabacterial urease in an acidic milieu. With this increase in urea entry, intrabacterial urease activity is able to buffer the cytoplasm and periplasm at acidic pH values that are usually incompatible with growth (10, 48, 54) . The essential roles of UreI and urease in allowing gastric infection establish that the environment of the organism is often acidic. In particular, the demonstration that ureI deletion mutants were able to colonize the gerbil stomach when acid secretion was inhibited but failed to survive when acid secretion was allowed to return showed that the pH of the gastric habitat often must be Ͻ4.0, the in vitro limit for survival in the absence of urea (37, 54) . Presumably, the ammonia and carbon dioxide generated by intrabacterial urease are able to buffer both the cytoplasm and the periplasm. It has been shown that the presence of urea, and hence intrabacterial urease activity, is essential for protein synthesis at a pH of Ͻ5.0 (48) . Since the organism inhabits an environment where the pH often falls below 4.0, urease activity at this external pH permits growth that otherwise would not be possible.
The information summarized above indicates that the organism can flourish at acidic pH, although the exact pH limits of its ability to colonize the gastric surface are not known. The pH of the contents of the stomach varies widely, falling to ϳ1.0 in the absence of food and perhaps rising to 5.0 during the digestive phase. Gastric juice urea is ϳ1 mM and may at times be insufficient to ensure the gastric survival of H. pylori. The migration of the organism from antrum to fundus with inhibition of acid secretion in humans and in gerbil suggests that an optimal pH is sought by the bacteria (28, 29, 30, 37) .
Various other genes, including genes that would be capable of adding other pH-homeostatic mechanisms to the cytoplasm or periplasm, have been identified as either improving acid survival or changing expression in acidic media (13, 33, 50) . There have been recent reports of systematic studies investigating genes of H. pylori that change under acidic conditions (32, 34) . These have either investigated acid shock or measured gene expression as a function of time of exposure.
Examination of the level of gene expression using DNA microarrays over a limited medium external pH range from 7.4 to 4.5 using impermeant buffers in the absence and presence of physiological levels of urea is likely to simulate the majority of the conditions the bacteria encounter in the stomach. Furthermore, correlation of these changes with alterations in cytoplasmic pH allows conclusions as to the site of regulation of gene expression. In the absence of urea, 187 genes appeared to be up-regulated and 113 genes appeared to be down-regulated more than twofold. The presence of urea reduced the number of genes affected by acidic pH by ϳ50%. Different genes showed distinct patterns of response to pH and to the presence of urea, indicating different sites or mechanisms of acid-adaptive regulation. The pattern of response to temperature stress was quite distinct from that of acidic pH exposure.
These results indicate H. pylori has evolved an acid-adaptive rather than an acid tolerance or resistance response to an acidic external environment. This acid-adaptive response enables growth in the acidic environment of the stomach, allowing colonization by rather than just survival of the organism.
MATERIALS AND METHODS
Bacterial strains and growth conditions. H. pylori strain 26695 was obtained from the American Type Culture Collection. Primary plate cultures of H. pylori were grown from glycerol stocks on blood agar medium for 2 to 3 days in a microaerobic environment (5% O 2 , 10% CO 2 , and 85% N 2 ) at 37°C. In preparation for an experiment, bacteria were scraped from the plates, suspended in 1 mM phosphate HP buffer (138 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 0.5 mM MgCl 2 , 10 mM glucose, 1 mM glutamine), pH 7.0, and transferred to fresh plates for 24 h. For exposure to experimental low-pH conditions, the overnight cultures of H. pylori strain 26695 on Trypticase soy agar plates supplemented with 5% sheep blood were suspended in brain heart infusion (BHI) medium (Difco) to an optical density at 600 nm of 0.20 to 0.25. The pH of BHI was adjusted to 7.4, 6.2, 5.5, or 4.5 using concentrated HCl followed by filtration to remove any precipitate. The H. pylori organisms were then incubated in the presence or absence of 5 mM urea with shaking (120 rpm) under microaerobic conditions at 37°C for 30 min at 10-fold dilution with medium to ensure the presence of urea at the end of the experiment. The presence of urea at the end of each incubation was confirmed by adding jack bean urease to the supernatant after centrifugation of the organisms for RNA preparation and demonstration of a rapid rise in the medium pH.
For temperature stress experiments, the bacteria were exposed to 42°C for 30 min at a medium pH of 7.4 and then processed as for the pH exposure conditions by pelleting them by centrifugation (at 1,500 ϫ g for 10 min at 4°C), followed by isolation of the RNA.
RNA preparation. Total RNA was isolated from H. pylori strain ATCC 26695 using TRIzol reagent (Invitrogen, Carlsbad, Calif.) combined with RNeasy columns (Qiagen, Valencia, Calif.). The bacterial pellet was resuspended in 500 l of TRIzol reagent and lysed at room temperature for 5 min before 100 l of chloroform was added. After the pellet was spun at 12,000 ϫ g for 10 min at 4°C, the supernatant was mixed with 250 l of ethanol and applied to an RNeasy spin column, and RNA purification was performed following the manufacturer's instructions (beginning with the application to the column). To remove contaminating genomic DNA from purified RNA, samples were treated with RQ1 RNase-free DNase (Promega), followed by proteinase K digestion, phenol-chloroform extraction, and precipitation with ethanol. The RNA concentration was quantified by absorbance at 260 nm, and the quality was evaluated by capillary electrophoresis using a model 2100 Bioanalyzer with an RNA 6000 Nano Assay kit (Agilent Technologies).
Microarray preparation. PCR products that contained 1,534 predicted open reading frames (ORFs) of H. pylori strain 26695 were purchased from Invitrogen Corporation. The concentration of the PCR product was estimated based on the density of the band on an ethidium bromide-stained agarose gel. After purification of the PCR products using a QIAquick 96-well PCR purification kit (Qiagen), ϳ4 g of PCR product for each ORF was loaded into a fresh 96-well PCR plate. After the plates were completely dried with a speed vacuum, they were resuspended by adding 10 l of sodium bicarbonate buffer (NaHCO 3 -Na 2 CO 3 at a concentration of 350 mM at pH 9.0) to each well for printing (University of California-Los Angeles Microarray Core Facility). All steps of glass slide preparation, printing, and processing after printing were performed as described by Eisen and Brown (18) . The final array contained 1,534 unique sequences and spots of genomic DNA of H. pylori with known concentrations as external controls.
Fluorescent cDNA labeling. For each comparative array hybridization, labeled cDNA was synthesized by reverse transcription from experimental RNA (pH 7.4, 6.2, 5.5, or 4.5 with or without 5 mM urea) in the presence of Cy5-dCTP, and from control RNA (pH 7.4) with Cy3-dCTP, using the Superscript II reversetranscription kit (Invitrogen). H. pylori-specific cDNA-labeling primers (SigmaGenosys) priming cDNA synthesis of total H. pylori RNA were used to prepare fluorescently labeled probes for array hybridization. For each reverse-transcription reaction, H. pylori cDNA-labeling primers that preferentially prime mRNAs in H. pylori and total H. pylori RNA (40 g) were mixed in a final volume of 12.5 l, heated to 90°C for 2 min, and ramped to 42°C for 20 min prior to probe synthesis. Fluorescent-cDNA-probe synthesis was performed at 42°C for 3 h in a 25-l reaction volume containing 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol, 0.5 mM dATP, 0.5 mM dGTP, 0.5 mM dTTP, 0.2 mM dCTP, 0.1 mM either Cy3-or Cy5-conjugated dCTP (Amersham), 40 U of RNAsin (Promega), and 200 U of Superscript II reverse transcriptase (Invitrogen.). Following reverse transcription, the RNA template was degraded by incubation for 40 min at 65°C in 0.27 M NaOH, followed by neutralization with Tris-HCl buffer. The labeled cDNA was purified and concentrated prior to hybridization using Microcon 30 concentrators (Amicon).
Genomic-DNA labeling. Genomic DNA was labeled by a simple randompriming protocol based on the Gibco-BRL Bioprime DNA-labeling kit. For each labeling reaction, 2 g of H. pylori genomic DNA and 15 g of random octamers were mixed in a final volume of 40 l and heated to 100°C for 5 min. Fluorescent genomic DNA labeling was performed at 37°C for 2 h in a 50-l reaction volume containing 50 mM Tris-HCl (pH 6.8), 5 mM MgCl 2, 10 mM ␤-mercaptoethanol, 0.5 mM dATP, 0.5 mM dGTP, 0.5 mM dTTP, 0.2 mM dCTP, 0.1 mM either Cy3-or Cy5-conjugated dCTP (Amersham), and 50 U of Klenow fragment. The labeled cDNA was purified and concentrated prior to hybridization using Microcon 30 concentrators. The labeled DNA was generated from strain 26995 as a template and then hybridized to the microarray.
Microarray hybridization. H. pylori microarrays were hybridized in a final volume of 20 l containing 3ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.8 mg of salmon sperm DNA/ml, and 0.2% sodium dodecyl sulfate. Prior to hybridization, combined Cy3-and Cy5-labeled probes (representing different pH conditions) were heated to 95°C for 2 min and pipetted directly onto microarray slides. A glass coverslip (22 by 22 mm) was applied, and the arrays were hybridized overnight at 65°C in a humidified hybridization chamber. Following hybridization, the slides were washed for 5 min in 0.2ϫ SSC with 0.1% sodium dodecyl sulfate, followed by two washes of 3 min each in 0.2ϫ SSC and rinsing in 0.05ϫ SSC. To remove residual salts, the slides were spun at 500 rpm for 5 min prior to being scanned.
Array quantification and data processing. Following hybridization, the array slides were scanned using a GMS 418 scanner (Genetic Microsystems, Inc.), which is available in the University of California-Los Angeles Microarray Core Facility. Separate images were acquired for Cy3 and Cy5. The signal intensity for each spot were determined using ScanAlyze (available at http://www .microarrays.org/software.html) and Phoretix Array (Nonlinear Dynamic) software. Following background subtraction, signal intensities were calculated as the percentage of the total signal from all spots as a means of normalization. These values were used to determine the ratio of experimental to control signals. A threshold of minimum acceptable signal (2 standard deviations above background intensity) was used to eliminate expression ratios that were extremely high or low due to undetectable signal in control or experimental samples. A t test was applied to determine the consistency of ratios across replicate hybridizations. Only those ratios with values showing Ն2-fold change (either increase or decrease) and having a 95% confidence interval as determined by the t test were considered to indicate significantly regulated genes.
Cluster analysis. Cluster and Treeview (19) were used to select, group, and visualize genes whose expression varied across the samples. We extracted tables (rows of genes and columns of individual microarray hybridizations) of normalized fluorescence ratios from the database. The subsets of genes that were significantly regulated by low pH (as described above) were selected from the 1,534 ORFs on the array. Before the clustering and display, the logarithm of the measured fluorescence ratios for each gene was centered by subtracting the arithmetic mean of all ratios measured for that gene. Then, a hierarchical clustering algorithm was applied to the genes at each experimental condition using the Pearson correlation coefficient as the measure of similarity and average linkage clustering (19) .
Real-time PCR. Primers were designed to 100-to 300-bp regions of the selected up-regulated genes seen in the microarray and were used in standard PCR to ensure that there was only one product. Primer design was aided by the Primer 3 software available at http://www-genome.wi.mit.edu/genomesoftware /other/primer3.html (43) . The template for the real-time reaction was the cDNA equivalent to that used in the microarrays, and H. pylori strain 26695 genomic DNA serially diluted 10-fold was used as a standard curve. A reaction mixture containing the master mixture with CYBR green label (Qiagen) and the primers was added to a 96-well plate, along with 1 l of cDNA or genomic DNA template, for a final reaction volume of 50 l/well. The negative control contained the reaction mixture but no DNA. Samples were run in an icycler realtime PCR machine (Bio-Rad) for 40 cycles (30 s at 92°C, 30 s at 55°C, and 40 s at 72°C). Data were collected during the extension step and expressed as arbitrary fluorescence units per cycle. A melting curve was run at the end to ensure that there was only one peak and only one product.
Measurement of intrabacterial pH. (i) BCECF loading. H. pylori strain 26695 was grown overnight on Trypticase soy agar plates supplemented with 5% sheep blood (Becton Dickinson). The bacteria were removed from the plate and resuspended in 5 ml of BHI medium (Difco). The pH-sensitive fluorescent probe, 2Ј,7Ј-bis-(2-carboxyethyl)-5-carboxyfluorescein (BCECF) acetoxymethy ester, was then added to the bacterial suspension to a final concentration of 10 M. The nonfluorescent ester is converted to the relatively impermeant pH-sensitive probe BCECF by intrabacterial esterase. The bacterial suspension was incubated in a microaerobic (5% O 2 , 10% CO 2 , and 85% N 2 ) environment at 37°C for 30 min. To remove external free BCECF, the bacteria were pelleted by gentle centrifugation (3,000 ϫ g; 5 min) and resuspended in 300 l of Hp medium (140 mM NaCl, 5 mM KCl, 1.3 mM CaCl 2 , 0.5 mM MgSO 4 , 10 mM glucose, 1 mM glutamine) buffered with either 100 mM 3-(N-morpholino)propane sulfonic acid (HpMOPS), pH 6.5 to 7.7; 100 mM 2-(N-morpholino)ethanesulfonic acid (HpMES), pH 5.5 to 6.5; or 50 mM homopiperazine-N,NЈ-bis-2(ethanesulfonic acid) (HpHOMOPIPES), pH 4.0 to 5.0. BHI medium is not compatible with BCECF fluorescence measurements. Experiments were performed with and without 5 mM urea. To measure pH in , 20 l of BCECF-loaded H. pylori organisms were added to 3 ml of HpMOPS, HpMES, or HpHOMOPIPES, depending on the desired pH, and fluorescence was monitored in a dualexcitation (Ex1 ϭ 502 nm; Ex2 ϭ 436 nm) single-emission (Em ϭ 530 nm) fluorimeter.
(ii) Calibration of pH in . Each experiment was independently calibrated. Once the fluorescence of the internal BCECF was measured, 150 nM protonophore, 3,3Ј,4Ј,5-tetrachlorosalicyanilide, was added to equilibrate the pH internally to that of the medium. HCl was then added to obtain minimum fluorescence of the dye, followed by the addition of NaOH to obtain maximum fluorescence of the dye. The internal pH was calculated using the equation
, where pK a is the pK a of BCECF (7.0), R ϭ 502 nm/436 nm for each data point, R A is the ratio at minimum fluorescence, R B is the ratio at maximum fluorescence, F A(2) is the minimum fluorescence at 436 nm, and F B(2) is the maximum fluorescence at 436 nm.
RESULTS
Intrabacterial pH. Cytoplasmic pH fell as the medium pH was reduced in stepwise fashion from 7.4 to 4.5, as shown in Table 1 . The measured cytoplasmic pH was always higher than the external pH throughout this range, even in the absence of urea, showing the presence of internal buffering capacity even in the absence of urea. In the presence of 5 mM urea, additional buffering was seen. Although there are no change of the cytoplasmic pH with the addition of urea at pH 6.2 or 7.4 in the medium, there are significant elevation of the intrabacterial pH in a medium of pH 5.5 and 4.5 with the addition of urea. The increase of cytoplasmic pH to ϳ7.0 allows continued protein synthesis at pH 5.5, although at a lower rate than the pH of 8.1 found at neutral medium pH (47) . Confocal microscopy showed that at pH 6.2 with the addition of urea there was a significant increase in the fluorescence of BCECF free acid in the periplasm following the addition of 5 mM urea, as previously demonstrated for pH 5.5 in 5 mM phosphate buffer (4) (data not shown).
Validation of the microarray. Genomic DNA of strain 26695 was labeled with either Cy3 or Cy5 and then hybridized to the array of ORFs from strain 26695. Of the 1,534 sequences present on the slide, all the spots were detected by both the fluorophores, indicating that the microarray slides were well printed and recognized. No significant variability in signal intensities was observed when dye-swap was performed between experiments and reference samples, excluding the experimental artifacts introduced by differential sensitivity of Cy3 and Cy5 to photobleaching.
Gene expression of H. pylori exposed to different acidic medium pHs in the absence and presence of urea. The microarray method was used to survey the general transcriptional activity of the whole genome in H. pylori maintained at neutral pH (pH 7.4) compared to gradually decreasing external pHs (pH 6.2, 5.5, and 4.5). Throughout the experiment, impermeant buffers were used and the external pH was unchanged. These conditions were kept constant throughout the experiment during an exposure period of 30 min before RNA extraction, and the bacteria were harvested under log-phase growth conditions. This short period of exposure was selected to eliminate a possible transition from log to stationary phase. Identical conditions were used when 5 mM urea was present in order to analyze the effect on gene regulation of intrabacterial urease activity after activation of UreI by acidic medium pH. This might represent the conditions prevailing in the stomach.
The microarrays containing 1,534 ORFs of H. pylori strain 26695 were hybridized with fluorescently labeled cDNAs from the control (pH 7.4) condition (labeled with Cy3; green) and various acidic experimental conditions (labeled with Cy5; red). By comparing cDNA from each experimental condition with a common control (pH 7.4), variation in gene expression across the experimental conditions could be inferred from the observed variation in the normalized Cy5-red/Cy3-green ratio across the hybridization array. Several experiments (at least three) were performed at each pH with and without urea to ensure the reproducibility of the data.
General observations. There was a progressive increase in the number of genes changing expression as the medium pH was lowered, with a preponderance of up-regulated genes. A twofold up-regulation was selected as an arbitrary cutoff point at pH 4.5. The presence of 5 mM urea during the incubation reduced the number of genes that were activated twofold or more across all pH values. A quantitative tabulation of significant differences in total gene expression under the experimental conditions examined is presented in Table 2 .
Exposure to pH 4.5 without urea was the most potent effector of gene regulation in these experiments, resulting in significant (Ն2-fold) up-regulation of 187 genes, while pH 4.5 with 5 mM urea resulted in up-regulation of 101 genes. At this pH, 102 genes were down-regulated more than twofold in the absence of urea and 53 were down-regulated more than twofold in the presence of urea. Of the up-regulated genes, 122 had known functions, whereas 65 were of unknown function. For the down-regulated genes, 99 had a known function and 26 are as yet undefined. More genes were up-regulated than were down-regulated by low pH in all the experiments ( Table 2) . The number of genes changing expression increased with increasing acidity in both the absence and presence of urea.
A log 2 -log 2 scatter plot, shown in Fig. 1 , illustrates the progressive change in the numbers of genes up-regulated and down-regulated as a function of fixed medium pH in the absence of urea. The total fractions of genes in the microarray containing 1,534 ORFs that showed detectable levels of expression were very similar (ϳ90%) under the various experimental conditions examined. In contrast, there were striking differences in the general patterns of gene regulation manifested in response to gradually decreasing pH (Fig. 1B to D and F). It can be seen that the correlation of labeling with Cy3 or Cy5 was very high at neutral pH, and there was a progressive number of genes that changed as the external pH was lowered ( Fig. 1A to D) . Figure 1E and F show the effect of the presence of urea at pH 7.4 and 4.5. There was little change in gene expression when urea was added to H. pylori incubated at pH 7.4, but the number of genes changing expression level decreased dramatically in the presence of urea. Although the presence of urea reduces the number of genes changing expression, there are still a large number of genes whose expressions were altered at acidic pH even in the presence of urea. Figure 2 shows two representative microarray images in which hybridization with cDNAs derived from H. pylori maintained at pH 7.4 is compared to the hybridization of the cDNAs generated from H. pylori maintained at pH 4.5 in the presence of 5 mM urea. The constancy of expression of ureA is noteworthy. Expression of ureB is also constant under these conditions. These genes appear to act as housekeeping genes under the conditions employed here. Also shown are some of the genes that can be considered as contributing to pH homeostasis (amiE [GenBank accession no. HP0294]; hypA [HP0869]; hypB [HP0900]; and the carbonic anhydrase gene [HP1186]), as well as the up-regulation of HP0165, a histidine kinase sensor gene. Some down-regulated genes are also shown, such as those encoding the type II restriction enzyme HsdM (HP0092) and a ribosomal protein, Rps10 (HP1320). Several genes change expression even in the presence of 5 mM -log 2 ) of average normalized intensities representing Cy5-red channel versus Cy3-green channel are shown for experiments at pH 7.4 (n ϭ 3) (A), 6.2 (n ϭ 4) (B), 5.5 (n ϭ 3) (C), and 4.5 (n ϭ 4) (D) without urea (No-U), as well as pH 7.4 (n ϭ 3) (E) and 4.5 (n ϭ 4) (F) with 5 mM urea (U), compared with pH 7.4. Differential expression of a given gene is reflected by deviation from the yellow diagonal line. The orange diagonal defines Ն2-fold up-regulation, the red diagonal defines Ն4-fold up-regulation, light green defines Ն2-fold down-regulation, and dark green defines Ն4-fold down-regulation.
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on January 20, 2018 by guest http://iai.asm.org/ two hydrogenase accessory proteins that are involved in nickel homeostasis, HypA (HP0869) and HypB (HP0900) (39) . Other up-regulated genes are classified as follows: 5 genes involved in regulation of transcription, 12 genes involved in motility and chemotaxis, 9 genes involved in pathogenesis, 19 genes implicated in energy metabolism, 3 genes involved in fatty acid and phospholipid metabolism, 3 genes implicated in translation, 11 transporters, 4 protein turnover genes, 8 genes involved in cell envelope structure or biosynthesis, 16 genes of DNA metabolism, 13 genes involved in amino acid and cofactor biosynthesis, and 9 general stress response genes. Table 4 shows 63 genes with unknown functions that are also up-regulated twofold or more at pH 4.5 in the absence of urea. It is clear that a large number of genes are regulated by medium acidification and consequent acidification of the periplasm and cytoplasm. An intriguing pH-dependent pattern can be seen in that some genes increased expression even at pH out 6.2, where the cytoplasmic pH has not fallen below 7.0, with 10 genes with known functions and 3 of unknown function increasing more than twofold. However, most genes are up-regulated only when the cytoplasmic pH falls below 7.0, i.e., at a medium pH of 5.5 or 4.5. The presence of urea throughout the incubation prevents up-regulation of most, but not all, of these genes: 44 known-function genes and 30 unknown-function genes remained increased more that twofold at pH 4.5, even in the presence of urea. Notably, among the pH-homeostatic genes, those for hydrogenase expression, amidase, asparaginase, arginase, and periplasmic carbonic anhydrase remained up-regulated in the presence of urea at pH 4.5, as did the histidine kinase gene. Almost all the general stress response genes lost the Ͼtwofold up-regulation when urea was present at a medium pH of 4.5.
(ii) Down-regulated genes. Tables 5 and 6 show the genes that were down-regulated Ն2-fold when the external pH was 4.5 in the absence of urea and the genes that were downregulated Ն2-fold in the presence of urea. Of the genes with known function, 10 were related to cell envelope synthesis or function; 8 were involved in cellular processes, including motility functions; 2 were related to protein or RNA degradation and response regulation; 4 were involved in energy metabolism; 25 were involved in translation; 6 were involved in transport; 6 were involved in DNA metabolism; and 12 were involved in biosynthesis of different small molecules, for a total of 73 genes with known functions. The presence of urea reduced this number to 15 genes in which down-regulation was still twofold or more at pH 4.5; 23 genes of unknown function . Genes that are up-or down-regulated by low pH appear in the image as red or green spots, respectively. Genes that are expressed at similar levels in both samples appear as yellow spots. ureA (encoding the urease structural subunit) does not change, whereas amiE (encoding aliphatic amidase), HP1186 (encoding carbonic anhydrase), HypA and HypB (hydrogenase accessory proteins) genes, and HP0165 (encoding histidine kinase) show clear up-regulation, and the type II restriction enzyme gene, hsdM, and a ribosomal protein gene, rps10, are down-regulated.
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WEN ET AL. INFECT. IMMUN. were also down-regulated in the absence of urea at pH 4.5, with only 4 down-regulated in the presence of urea at pH 4.5. Clusters of genes expressed in response to gradually decreasing medium pH. The tables mentioned above show the average ratios derived from three or four different experiments for each condition. To identify patterns of low-pH-regulated gene expression, we performed an average-linking hierarchical cluster analysis (19) on those genes that were regulated more than twofold (either up or down) by a pH out of 4.5. The object of the clustering was to group genes whose expression levels among samples were similarly regulated under each of the experimental conditions. The data presented in Fig. 3A are all the genes that change expression as a function of varying medium pH in the absence or presence of urea, as shown by color coding, and the average level of up-or down-regulation (righthand column). The figure shows that there is reasonable consistency across different experiments at any given pH, whether in the presence or absence of urea.
The genes that respond to medium acidity fall into two general categories, those that show regulation in the presence or absence of urea (clusters a to d and f to h) and those that show regulation at pH 4.5 only in the absence of urea (clusters e and i) (Fig. 3A and B) . These can be further subdivided into those that respond to pH 6.2 (early acidity response) and those that respond only to greater acidification. This classification possibly reflects the effect of the degree of change of pH, periplasmic and cytoplasmic, due to urease activity.
For example, cluster a contains 15 genes that are up-regulated and cluster f contains 6 genes that are down-regulated at pH 6.2 in the absence or the presence of urea (Fig. 3A and B) . These can be thought of as early acid-adaptive genes. The addition of urea at pH 6.2 did not affect the cytoplasmic pH based on BCECF measurements. Nevertheless, there are also genes that are up-regulated at pH 6.2 and that lose their up-regulation in the presence of urea (cluster b). This correlates with an elevation of periplasmic pH by the addition of urea at pH 6.2, as visualized in confocal microscopy performed previously (4). The genes that change at pH 6.2 in the presence of urea thus respond to changes in periplasmic, not cytoplasmic, pH.
There are also a large number of genes that are up-regulated at lower medium pH (Յ5.5) and maintain up-regulation in the presence of urea (cluster c), and there are also genes that lose up-regulation in the presence of urea (cluster d), with similar groups visible in the down-regulated genes. Perhaps the genes in cluster c respond to the cytoplasmic pH of 6.5 to 6.9 that is found in the presence of urea at pH 4.5 and 5.5, whereas the genes in cluster d respond only to a cytoplasmic pH of Ͻ6.0, such as the pH of 5.3 that is found in the absence of urea.
The specific genes contained within these clusters are shown in Fig. 3B . Clusters a and f contain the genes that change regulation at pH 6.2 in the absence or presence of urea. Some of the up-regulated genes in this group are hypE (HP0047), the histidine kinase gene (HP0165), flaA (HP0601), and the meth- yl-accepting chemotaxis transducer gene, tlpC (HP0082). Down-regulated genes of this type include the Na ϩ -and Cl Ϫ -dependent transporter gene (HP0497) and the pathogenicity gene, iceA (HP1209). Cluster b contains genes that, while upregulated at pH 6.2 in the absence of urea, fail to up-regulate with the addition of urea until pH out 4.5 is reached. Urea still decreases the level of expression in those genes, as shown in the bar graph in Fig. 3 . The ORFs coding for the urease ac- 
DNA metabolism ( cessory proteins UreE (0070) and UreI (HP0071), carbonic anhydrase (HP1186), and a number of gene products involved in energy metabolism and motility and chemotaxis and ORFs rocF (HP1399), hypA (HP0869), cag1 (HP0520), cag8 (HP0528), cag12 (HP0532), cag16 (HP0537), and cag19 to -22 (HP0540-HP0543), as well as the ompR-like response regulator (HP0166), are found in this cluster. Temperature stress. The effect of pH on gene regulation of this organism that has adapted for life in the gastric environment may be relatively selective. When a comparison is made with the effect of exposure to 42°C on the genes present in the microarray, very few genes that are up-regulated overlap with those genes that are up-or down-regulated by acid exposure, as shown in Table 7 . Of the genes discussed below, flaA (HP0601) is up-regulated by temperature stress, as is another gene involved in motility, HP1192, indicating that these are likely general stress response genes, like the outer membrane protein gene omp11 (HP0472).
Real-time PCR. Three genes from the pH homeostasis gene cluster that were up-regulated by acid exposure were selected for confirmation by real-time PCR amplification, and the results are shown in Fig. 4 . This method confirmed the up-regulation of the genes for amidase (HP0294), arginase (HP1399), and the periplasmic carbonic anhydrase (HP1186). Additionally, the accessory genes of the urease gene cluster were also analyzed by real-time PCR amplification, even though the upregulation of some of them was not detected on the microarray, perhaps due to their relatively low levels of expression. Up-regulation of ureE (HP0070) and ureI (HP0071) was confirmed. The real-time PCR analysis of ureF (HP0069), ureG (17) , but many other organisms express urease, although perhaps at a lower level. The acid-activated urea channel, UreI, is essential for infection in animal models (37, 51) and is a unique adaptation to life in the stomach for gastric Helicobacter spp. (22) . The pH of the gastric mucus or the gastric surface is a subject of controversy. Some suggest that the pH is close to neutral, but microelectrode and fluorimetric methods have generally shown a loss of pH regulation in the gastric mucus when the pH falls below 2.0 (14, 45) . This pH, representing a concentration of 10 mM HCl, is not able to be buffered by the maximal capacity of the stomach to secrete bicarbonate, which is 10% of acid output. In the absence of food in the human stomach, gastric juice is unbuffered and there is continuing acid secretion, maintaining a fairly constant highly acidic pH. During the digestive phase, there is buffering by food and its digestion products, with a transient rise in pH. The median intragastric pH is 1.4 due to the long periods of high acidity between meals. The finding that ureI-deficient organisms were able to infect only if acid secretion was inhibited and then were eradicated when acid secretion was restored shows that a pH of Ͻ4.0 is present in their environment for a period sufficient for eradication (37) . Over a 24-h period, H. pylori will be exposed to levels of acid at which ordinary neutralophiles do not divide or grow. The changes in internal or periplasmic pH of the organism thus must be compatible with colonization of its niche in the stomach, and experimental and physiological experiments show that this niche is highly acidic much of the time.
Changes in gene expression can depend on changes in periplasmic pH, cytoplasmic pH, or both. For efficient gastric colonization, changes in either compartment must be limited. The pH of the cytoplasm may be the most important factor determining whether the organism is able to survive in its niche in the stomach. Based on the measurements made here and previously (48) , exposure to a medium pH of 6.2 results in a cytoplasmic pH of 7.0, and at this pH, the organism is able to synthesize protein without the addition of urea, although at a lower rate than at neutral pH. At a pH of 4.5, cytoplasmic pH drops to 5.3 in the absence of urea and protein synthesis, and hence, growth stops. However, at a medium pH of 4.5, the addition of urea elevates the cytoplasmic pH to 6.2 and protein synthesis is restored. This elevation of cytoplasmic pH may occur at an even lower gastric pH. It is also necessary for the bacteria to maintain their proton motive force, the electrochemical hydrogen ion gradient across the inner membrane, to allow growth at the acidic pH of the environment. This can be achieved by buffering the periplasm to above medium pH, as has been previously shown by the restoration of inner membrane potential to approximately Ϫ101 mV with urea addition at a medium pH as low as 3.0 (48). Gene expression after acid exposure can therefore be controlled by the level to which the cytoplasmic pH falls and also by the periplasmic pH, perhaps due to activation of one or more two-component systems.
Genes other than those in the urease gene cluster have already been identified as contributing to acid survival by a variety of methods. This implies that, although urease activity and its regulation by UreI are necessary for infection, that alone may not be sufficient. Other genes may be activated to improve the maintenance of infection, and some may even play a role in periplasmic or cytoplasmic buffering in addition to urease activity.
Up-regulated genes. The changes in the increase of gene expression varied among different genes as a function of pH. Some were up-regulated at a medium pH of 6.2; others did not change expression until a pH of 4.5 was applied. Genes that lose up-regulation at a medium pH of 6.2 with the addition of urea are responding to a change in periplasmic pH, since the cytoplasmic pH does not change (Table 1) . It was observed that BCECF free-acid fluorescence at pH 6.2 increased under the conditions used here with the addition of urea, showing an elevation of periplasmic pH. Genes that lose regulation with the addition of urea at more acidic pH presumably change expression only due to changes in the cytoplasmic pH. Thus, up-regulation of genes detected at an external pH of 4.5 that is absent with the addition of urea is due to a shift in the cytoplasmic pH from 5.3 to 6.5 that is found with the addition of urea.
As can be seen from the tables and the cluster analysis, a large number of genes change expression when exposed to acid. In some cases, it is possible to deduce or suggest the functions of up-regulated genes; in other cases, the rationale for changes of expression is at present obscure. Hence, the effect of acid exposure with and without urea will be discussed for only a few categories of genes illustrated in Tables 3 and 5 and displayed in Fig. 3B .
(i) pH-homeostatic genes. The genes that theoretically could contribute to alkalization of the cytoplasm are categorized as pH homeostatic. Aliphatic amidase and L-asparaginase are both capable of generating NH 3 , and arginase generates urea. Each has been described as improving acid survival in vitro (33, 50) . The hydrogenase expression genes hypA and hypB are among the genes that are up-regulated at pH 6.2, but their regulation is suppressed by the addition of urea until a pH of 5.5 or 4.5 is applied. These genes appear to be involved in the accumulation of Ni 2ϩ , the metal cofactor essential for activation of the urease apoenzyme. The urease accessory genes encoding UreI and UreE are up-regulated at pH 4.5. UreI is the acid-activated urea channel, and UreE is a urease assembly protein. It appears that the promoter between ureB and ureI is activated as a function of acidity, facilitating urea entry and assembly of urease without requiring de novo synthesis of the enzyme itself. This would enable a more rapid response in urease activity in spite of constant production of UreA and UreB. Apparently, longer acid exposure also up-regulates ureA and ureB (34) . The periplasmic carbonic anhydrase gene HP1186 is progressively up-regulated as a function of the decrease of medium pH and may contribute to the regulation of the pH of the periplasm, since its deletion decreases survival at (ii) Motility genes. The up-regulation of 12 genes involved in motility or chemotaxis may be regarded as contributing to increased motility of the organism in acid, which perhaps acts as both an acid-adaptive response and an acidic stress response. flaA (HP0601) and HP1192, the gene for a secreted protein involved in flagellar motility, are among those genes up-regulated at pH 6.2 both in the absence and presence of urea. Although flaA has been described as pH regulated (24, 32) , both flaA and HP1192 are also up-regulated by temperature stress and hence are not selective acid-adaptive genes. flaB and cheV are among the genes increased at pH 6.2 but suppressed by the presence of urea (Fig. 3B) . cheY is also up-regulated, but not Ͼ2-fold until pH 4.5. The change of distribution of H. pylori with inhibition of acid secretion may be due in part to the up-regulation of motility genes (30, 32, 37) .
(iii) Pathogenesis genes. Eight genes in the pathogenicity island are up-regulated, as well as vapD, the gene for a virulence-associated protein. Many of the genes in the pathogenicity island are often considered responsible for type IV secretion, and perhaps an acidic environment prepares the organism for association with the plasma membranes of its gastric cell hosts. The cagA gene was not found to be up-regulated under our conditions.
(iv) Regulatory genes. Various regulatory genes are up-regulated by the presence of mild acidity. Some of these may signal changes in the periplasmic pH. The gene for the inner membrane histidine kinase, HP0165, is one of those up-regulated at pH 6.2, independently of the presence of urea (Fig.  3B) . This is part of a two-component signaling system in H. pylori. Although E. coli has 29 and 32 ORFs encoding histidine kinase and response regulators, respectively (35) , only four and six two-component sensor and response regulator genes are found in the genome of H. pylori. Deletion of the sensor protein gene, HP0165, that phosphorylated HP0166, ompR-like, produced no change in the protein pattern at neutral pH, whereas deletion of HP0166 is lethal (5, 15) . The paucity of signaling systems in H. pylori suggests that the ones that remain are multifunctional and interact with many genes. Hence, HP0165 activation may be responsible for many of the activated genes seen in this profiling of the genes adapted to mild acidity. The protein product of this gene has two transmembrane segments and a periplasmic domain replete with histidines, which suggests the possibility that a pH of 6.2 might determine protonation of one or more of these, resulting in autophosphorylation. The partner of this kinase, the ompR-like element, is also up-regulated, although not until pH 4.5.
Other regulatory genes are also increased, such as tenA and dniR, and up-regulation persists in the presence of urea at pH 4.5. gppA, a stringency response element encoding a guanosine pentaphosphate hydrolase, is up-regulated at pH 4.5, but only in the absence of urea. The high level of up-regulation of this gene is seen because of the low level of expression of the stringency response component at neutral pH. A stringency response may also be part of the acid adaptation of H. pylori.
(v) Outer envelope genes. Of the eight outer envelope genes that show up-regulation, six are in fact outer membrane proteins and two, cutE and murC, are involved in outer membrane biosynthesis. Perhaps membrane composition determines the permeability of the outer membrane. Since some outer membrane components are down-regulated, it appears that outer membrane synthesis is selectively affected by exposure of the organism to acidity. Many of the genes described above retain significant upregulation in the presence of urea at pH 4.5. These include the various pH-homeostatic genes, with the exception of ureI and ureE; the motility genes flaA, flaB, and HP1192; cag19 and the regulatory genes HP0165 (histidine kinase) and tenA; and the gene encoding DniR protein and all the outer membrane genes with the exception of omp19. It seems likely that changes of expression of these genes must occur during gastric colonization.
Previously, genes encoding the heat shock protein Hsp70 and cell wall composition, as well as cagA (23, 25, 31) , have been observed to be up-regulated in acid, and random mutagenesis showed that at least 10 genes were essential for growth at pH 4.8 (6) . Gamma-glutamyl transpeptidase has been shown to be essential for colonization (13) . The regulatory protein ferric uptake regulator gene (fur) is involved in acid resistance, since its deletion impaired growth in acid (7) . The genes for pH-homeostatic enzymes, such as arginase (33) and amidase (50) , found to be up-regulated in the gene array, increase acid survival in vitro. Since the first of these produces intracellular urea and the second produces intracellular NH 3 , they possibly have a role in increasing buffering by the organism in an acidic environment. It has also been shown that there is increased assembly of active urease from apoenzyme during incubation at pH 5.5, which also increases survival after exposure to pH 2.5 (47) . This is consistent with increased activity of the assembly complex, which may be due in part to up-regulation of the genes involved in urease assembly (ureE, -F, -G, and -H), since these genes, in contrast to ureA and ureB, are not constitutively expressed at moderate acidity and have much lower expression levels. Since assembly is rate limiting for total urease activity, regulation of the promoter (ureIp) in front of ureI would be beneficial to the organism in terms of increased synthesis of ureI, -E, -F, -G, and -H, resulting in increased and rapid assembly of the urease apoenzyme and enhanced acidactivated urea entry. It has been suggested that acid inhibits degradation of the mRNA translated after ureB rather than up-regulation of gene expression (1), but both up-regulation and stabilization may occur.
The contributions of the above-mentioned genes to acid resistance were discovered individually. Differential display of H. pylori grown for eight passages at pH 5.5 and 7.4 showed elevation of eight genes, including ureB, atoE, and flaA (16) . Microarray methods, used to detect differences between strains of H. pylori (44) , have been applied to studies of the effects of pH. Such a study has been performed using radioactive hybridization to a microarray with cDNA prepared from bacteria incubated at pH 4.0 or 7.0 in buffered medium without urea. About eight genes were identified as up-regulated and three were identified as down-regulated under these conditions, using PCR amplification of the hybridization spots. Among these was cagA, as previously found by direct measurement (25) , as well as the genes encoding an enzyme involved in lipopoloysaccharide biosynthesis (HP1052) and a component of the membrane secretory apparatus (secF) (2) . A comparison of gene expression after incubation for 48 h at pH 7.2 and 5.5 showed tion of gene expression with increasing acidity and also determines the contribution of urea to acid adaptation under these conditions. The conditions used here may be a better representation of the state of the gastric environment of the organism adhering to the gastric surface.
The transcriptional response of H. pylori to mild acidity is pleiotropic, involving many functional classes of genes, and most of the genes showing a response to acidification of the medium are distinct from the usual stress response genes. The difference between these responses and a stress response, such as that to 42°C, as well as the specialty of the niche occupied by this organism, suggests that the responses described are part of a generalized acid-adaptive response enabling colonization of the acidic environment of the mammalian stomach. Evidently, not all the genes up-regulated are dedicated only to pH adaptation, but those that remain in the presence of urea presumably do adapt the organism to its natural habitat. A systematic investigation of these genes as they relate to acid survival in vitro and in vivo with gastric infection should elucidate target genes specific for H. pylori other than ureI or urease activity.
